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ABSTRACT The structure of polymer-decorated phospholipid monolayers at the solid-solution interface was investigated
using neutron reflectometry. The monolayers were composed of distearoylphosphatidylethanolamine (DSPE) matrixed with
varying amounts of DSPE-PEG (DSPE with polyethylene glycol covalently grafted to its headgroup). Mixed lipid monolayers
were Langmuir-Blodgett deposited onto hydrophobic quartz or silicon substrates, previously hydrophobized by chemically
grafting a robust monolayer of octadecyltrichlorosilane (OTS). We show that this method results in homogeneous and
continuous phospholipid monolayers on the silanated substrates and determine that the grafted PEG chains extend away
from the monolayers into the solvent phase as a function of their density, as expected from scaling theories. In addition,
ligands were coupled to the end of the PEG chains and selective binding was demonstrated using fluorescence microscopy.
Our results demonstrate that these constructs are ideal for further characterization and studies with well-defined monomo-
lecular films.

INTRODUCTION

Because of the small length scale and ubiquitous nature acting with surface hydroxyl groups to form covalent siloxy
hydrogen in biological systems, neutrons are particulariybonds with the substrate (Maoz and Sagiv, 1984). An ex-
suitable for elucidating structural information from phos- tensive array of techniques has been used to characterize
pholipid layers. In the case of substrate-supported bilayersuch OTS layers, including AFM, ellipsometry, x-ray pho-
in solution, neutrons can penetrate through the thick subtoelectron spectroscopy, IR spectroscopy, and x-ray and
strate and probe the buried membrane-solution interfaceneutron reflectivity (DePalma and Tillman, 1989; Schwartz
Bayerl and co-workers were the first to use specular reflecet al., 1992; Maoz and Sagiv, 1984; Gun et al., 1984; Angst
tion of neutrons to probe the structure of a substrate-supand Simmons, 1991; Hoffmann et al., 1995; Pomerantz et
ported dimyristoylphosphatidylcholine (DMPC) bilayer on al., 1985; Silberzan et al., 1991; Fragneto et al., 1996).
single-crystal quartz (Johnson et al., 1991). This work wasthomas and co-workers used neutron reflectivity to subse-
continued with studies on the structure of dipalmitoylphos-quently characterize the structure of adsorbg¢EC (tetra-
phatidylcholine/cholesterol (DPPC/cholesterol) bilayers andthylene glycol monododecy! ether) monolayers on OTS-
adsorbed streptavidin protein layers on biotin-functional-grafted silicon substrates (Fragneto et al., 1996).
ized multilayers (Reinl et al., 1992; Schmidt et al., 1992). |n a similar vein, we have investigated the structure of
More recently, pure DPPC bilayers on silicon, combinedphospholipid monolayers placed in a controlled manner by
with atomic force microscopy (AFM) studies, were used to| angmuir-Blodgett (LB) deposition on OTS layers grafted
study not only the structure of the adsorbed bilayer, but alsgo either quartz or silicon substrates. In our system, the outer
its surface coverage and homogeneity (Koenig et al., 1996)ipid monolayer was composed of distearoylphosphati-
Because of the weak adhesion of lipids to quartz or silicoryylethanolamine (DSPE) matrixed with various amounts of
substrates, it has proved difficult to form continuous, ho-psSpE-PEG (DSPE with polyethylene glycol covalently
mogeneous bilayers on these solid supports. One way tgound to the headgroup). The surface density of the PEG
overcome this difficulty is to chemically graft the inner polymer chains was controlled by varying the amount of
monolayer headgroups to the substrate, thereby presentingss5pEg bearing a PEG chain from 1.3 to 9.0 mol%. Vesicles
robust hydrophobic layer for subsequent adsorption of th@omposed of such lipid mixtures are currently being used in
outer monolayer. The most commonly used surfactant fogjinjcal studies as drug delivery vehicles because liposomes
such purposes is octadecyltrichlorosilane (OTS). The OTQgvered by a screening PEG layer are “invisible” to the
layer self-assembles on quartz or silicon substrates by rgsogy's immune system and therefore have much longer
bloodstream half-lives (Woodle, 1995; Barenholz et al.,
Received for publication 14 October 1997 and in final form 22 June 1998.1996; Lasic and Martin, 1995; Lasic and Papa_hadJOpOUIos’
Address reprint requests to Dr. Gregory S. Smith, MLNSC, H805, Loslggg)' Furthermoref these so-called Stealth liposomes Can
Alamos National Laboratory, Los Alamos, NM 87545. Tel.: 505-665- D€ directed to a desired cell type through the use of specific
2842; Fax: 505-665-2676; E-mail: gsmith@lanl.gov. targeting moieties chemically grafted to the ends of the PEG
© 1998 by the Biophysical Society chains (Lee and Low, 1994; Blume et al., 1993; Allen et al.,
0006-3495/98/11/2352/11  $2.00 1995; Wong et al., 1997). Using the specific ligand-receptor
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pair of biotin and streptavidin, we demonstrate the selectivTABLE 1 Scattering length densities of the materials used in
ity of our substrate-supported lipid monolayers by fluores-this study

cence microscopy. Scattering length
Previously we studied the structure of phospholipid density, SLD

monolayers containing identical amounts of PEG-lipid at Material (10°A™%

the air-water interface, using both x-ray and neutron scatQuartz in air 4,32%

tering (Majewski et al., 1997, 1998). Through these studiesQuartz in BO 4.48

we established that the large lateral packing stresses from|'c°" 2.07

. 10, (amorphous) 3.41

the bulky polymer chains were relaxed by out-of-planeHzo 056

protrusions rather than an increase in the area per lipigh,0 6.38

molecule. In the current study, we also probe the factors that,gHs, per 18.5 & —0.44

affect the entropic fluctuations of phospholipid monolayersglssgévﬁefd23-5 R A —g-gg

H H H eadgrou er .

at the solid-solution interface. (OCHZCHZ)ng PP oe
*Measured value.

EXPERIMENTAL SECTION "We measured a SLD of 1.99 10~¢ A~ for quartz relative to DO. We
assumed that the SLD for,D is, as expecteip,c = 6.38x 107 ° A2

Materials and determine the SLD of quartz to Bg, ., = 4.48x 10 ¢ A2 Ideally,

~we should have obtained 4.32 10 °® A~2 as was measured in air. We
DSPE (MW 747) and DMPC (MW 6779) were pUrChaSed from Avanti have therefore taken an average Valu@QIartzz 4.4+ 01X 10 A2

Polar Lipids (Alabaster, AL), the DSPE-PEG and DSPE-PEG-biotin throughout this work. We do not have a definitive explanation for this
(MW = 2991) were a generous gift from Sequus Pharmaceuticals (Menlgjiscrepancy.
Park, CA), and OTS was purchased from Fluka (Ronkonkoma, NY).
Biotin-X DHPE and Texas Red-DHPE (1,2-dihexadecanoyl-sn-glycero-3-
phosphaethanolamine triethylammonium salt) were purchased from Moregion was not. As such, we began to increase the complexity of our model
lecular Probes (Eugene, OR). Free biotin was purchased from Calbiochemy, adding boxes to account for the various layers of the interfacial film.
(La Jolla, CA). Bicyclohexyl from Aldrich Chemicals (St. Louis, MO) was The results presented in this work are the best fit to the data by the use of
dried by passing through a column of Alumina B (ICN Biomedicals, sjmple, insightful models. At all times, we attempted to model our system
Eschwege, Germany) just before use. The quartz monocrystalline angliih physically reasonable values. In particular, we found that when the
silicon substrates were purchased from Atomergic Chemetals Corp. (Farmnodels were left to run freely (no constraints or fixing of values to a certain
ingdale, NY). DO was purchased from Sigma (St. Louis, MO). range), the fitted scattering length density of the hydrocarbon regions fell
below the lowest physically reasonable calculated value @44 x 10°°
A~2 (see Table 1). This trend was found for all of the DSPE-PEG
Neutron reflectivity concentrations regardless of substrate. As a result, we found it necessary to
confine the scattering length density of the hydrocarbon region to a
The neutron measurements were made on the SPEAR reflectometer at tignjple range of values. Large variations in parameter space were allowed,
Manuel Lujan, Jr. Neutron Scattering Center (MLNSC) at the Los Alamosy, ;i we restricted our models to those that generated reasonable results
National Laboratory. The range of neutron wavelengths was 1-16 A. Thgyased on the known lengths and scattering length densities of the constit-
measured, range was from 0.008 t60.15 A"*, and reflectivitiesR with uent molecules. Although this made the fitting more difficult, the large

e ; "6 . .
reasonable statistics were obtained to valug® sf10". Typical counting  mper of similar experiments enabled us to fit the data with a high level
times were 8-9 h. The reflected neutrons were counted with an Ordelg¢ self-consistency.

model 1202N linear position-sensitivele detector. The data were reduced
and plotted aR*Q? versus the perpendicular scattering vec®y, (this
compensates for a sha, decrease of the reflectivity due to Fresnel's gypstrates and OTS layer
law). The error bars on the data represent the statistical errors in the
measurements (standard deviatiof), where the uncertainty in th@, Quartz and silicon substrates were used throughout these studies. The
resolution,o,/Q,, was nearly constant over this scattering vector rangesubstrates were prepared under identical conditions, and one representative
with a value of~3% (Smith et al., 1993). The reflectivity was calculated quartz and silicon substrate was characterized with neutron reflectivity
by the iterative, dynamical method (Russel, 1990). The fits included arbefore construction of the OTS layer. The roughness of the bare quartz
additional parameter to normalize the calculated reflectivity to the datasubstrate was 5.6 0.3 A and had a scattering length density (SLD) of
The coherent scattering length densities of the materials used in this worR,,., = 4.3 X 10® A~2 The silicon substrate and native oxide layer
are shown in Table 1 (Sears, 1984). were modeled with a uniform 1@ 5 A thick box of SLD B,,iqe = 3.8 X

The reflectivity data were analyzed using the optical matrix method.10® A~2 and a roughness of 4.0 A.
The various layers (oxide, OTS, phospholipid, etc.) were modeled by boxes Initially, our studies were mainly concerned with characterizing phos-
of a specified length and scattering length density. Based on this input, @holipid monolayers adsorbed to silanated quartz substrates. Instead of
“model” reflectivity profile was generated and compared to the actuallydoing multiple experiments with different contrasting solvents, i.e., quartz
measured reflectivity profile. The model was then adjusted to obtain thenatched water, we duplicated some of our experiments with substrates of
best least-squares fit to the data. Our philosophy was to use the simplest ydifferent scattering length densities, i.e., quartz versus silicon. In retro-
most physically reasonable model to fit the experimental data. We begaspect, varying the contrast of the solvent would have been a wiser choice.
with one-box models for the bilayer of OTS-phospholipid, adding addi- The silicon data are more difficult to analyze because the length scale of
tional boxes for the polymer and oxide layer on silicon. A single Gaussiarthe native oxide layer10 A) is similar to both the grafted OTS layer as
roughness was used to smear the interfaces, and the resulting modekll as the L-B deposited phospholipid monolayer. In the future, growing
reflectivity was compared to the data. In all cases, we found that ahicker oxide layers would make the structural analysis easier.
thickness of ~50 A was obtained for the OTS-phospholipid bilayer. OTS monolayers were assembled on the quartz and silicon surfaces
Although the reflectivity profile and low momentum transfer range were following the procedure of Maoz and Sagiv (1984). The substrates were
well simulated by this model, the data in the high-momentum transfercleaned with no-chromix and surface hydroxylated by immersion for 5-10
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min in a 10 wt% base solution of NaOH at 55°C immediately. The -
- . ncident Neutron Steel Clamp Reflected Neutron
substrates were then thoroughly dried in a stream of clean nitrogen gas anfl Beam /— Beam

placed h a 1 mM OTS-bicyclohexyl solution for 10—30 min. The OTS-

coated substrates were then rinsed in clean chloroform and baked at 100°C A S
for at leas 3 h to promote cross-polymerization of the OTS layer. — Quartz or Silicon Single Crystal I
The quality of the OTS layer was initially determined by contact angle

measurements. The contact angles on either the quartz- or silicon-coated v i
monocrystals were remarkably high, 110°, and, significantly, had little or j ) L
no hysteresis. We believe the exceptional quality of the OTS layers wa .. /.. . . TeflonBlock . . .
due in part to the smoothness of our monocrystals, which provided a nearlm

“perfect” template for chemically grafting the OTS layer. The quality of the (LRSS
OTS layer on one of the silicon substrates was also studied by AFM Steel Clamp
(Nanoscope llI; Digital Instruments, Santa Barbara, CA). A corner of one

of the silicon wafers was broken off and characterized. No holes were Zoom

found, and the roughness of the OTS layer in air was*1@&2 A over six
different 6 um? scans.

Quartz or Silicon
-
«—|Phospholipids

Phospholipid monolayer and liquid-solid
interface cell

Monolayers of DSPE matrixed with 1.3, 4.5, or 9.0 mol% of DSPE-PEG . g\ - * + ") - - -
were LB deposited at a surface pressurélof 42 mN/m (corresponding oo R
to a mean area per lipid molecule 642 A?) on the hydrophobic OTS-
coated substrates by being passed down through the air-water interface. At | \JN\. | A T NS 0" T

42 mN/m, the lipid monolayer is in the solid gel phase and is stable over . . . . . . . . . DZO .......

the 8—9 h required for the neutron reflectivity measurements. Our previous « « « « « « + « « « « - o 0 0 0 . e

studies at the air-water interface of these monolayer compositions indicated

that no lateral phase separation occurs in the mixed monolayers and theftGURE 1 Diagram of the liquid-solid interface cell used for neutron
DSPE and DSPE-PEG mix ideally (Kuhl et al., 1995). In contrast, Sack-reflectivity measurements. The neutron beam travels through the substrate
mann and co-workers found that mixtures of different tail lengths, DMPEand probes the solid-solution interface, the phospholipid-OTS bilayer sub-
and DSPE-PEG, phase separated at low surface pressures (Baekmark etaigrged in RO. The only contacting surfaces in the cell are quartz or
1995). For mixtures of DSPE and DSPE-PEG at surface pressure of 4gilicon and Teflon. The inset shows a schematic representation of the
mN/m, the PEG chains are in the water subphase and do not penetrate thiayer at the solid-solution interface.

2-D plane of the DSPE monolayer. However, the large lateral polymer-

polymer repulsive interaction within the subphase does lead to large

out-of-plane motions of the lipids at the air-water interface (Majewski et | . .

al., 1997, 1998). After the mixed DSPE/DSPE-PEG monolayer was LBSC'I0ed by (Evert et al.) 1994. Afterward, the vesicle suspension was
deposited on the silanated substrate, the liquid-solid interface cell wallected into the flow cell. The flow cell had an internal volume-ef ml,
assembled under Millipore watef) = 18 (Fig. 1). The Millipore water and solution exchange |nvoI_ved pushing a minimum of 10 ml through the
was later exchanged by carefully flushing with@to provide neutron  Cell at a flow rate of 2 mi/min.

reflectivity contrast. The temperature was maintained at 21°C for both the

LB depositions and neutron reflectivity measurements. RESULTS

. . . Neutron reflectivity data
Preparation of giant vesicles and flow

cell measurements OTS monolayers

A solution of DMPC, Texas-Red DHPE (1 mol%) and Biotin-x DHPE The chemically grafted OTS monolayers on quartz and
(0.16 mol%) was dissolved in a mixture of chloroform:methanol (9:1) andsilicon were further characterized in air andg@by neutron
dried overnight on a roughened Teflon disk. Phosphate buffer was gentlyeflectivity. Because the contrast between the substrates and
added to hydrate the lipid film for a few hours at 37°C, creating giantthe headgroup of OTS is not very Iarge, we first modeled the
unilamellar vesicles. The vesicle suspension was then further diluted wiﬂbTS | ith inale b dG . h Th
buffer to obtain a final concentration of 2 mg/ml. A streptavidin solution, ayer with a singie box an gussgn rougnhness. e
0.05 mg/ml final concentration, was then added to coat the vesicles bpparameters from such a model are listed in Table 2 for both
binding to the Biotin-X DHPE headgroups (Chiruvolu et al., 1994). In our the quartz and silicon substrates in air. The corresponding
control experiment to demonstrate specificity, vesicles were not incubatefits to the reflectivity curves are shown in Fig. 2. For
with streptavidin. Vesicles prepared in this manner were quite po'ydis‘comparison, fits obtained when the OTS |ayer was ne-
perse, with an average size ofu®n, as ascertained by light scattering.
The bilayers used for the fluorescence studies were constructed ogleaed are also shown. As can be seen, althoth_th.e con-
circular glass microscope coverslips that were glued to a stainless steffast between the hydrogenated OTS layer and air is not
frame before LB deposition. As described above, an OTS inner monolayevery large, neutron reflectivity is sensitive to the presence of

was first chemically grafted to the glass surface, after which an outerOTS on quartz when the scattering is not dominated by an
phospholipid monolayer containing 4.5 mol% DSPE-PEG-biotin was LB oxide |ayer

deposited on the hydrophobic inner layer. The terminus of the PEG chains Th flectivit files i o h iti
was biotinylated and could bind the corresponding receptor streptavidin € reflectivity protiies in Q are much more sensiive

(Wong et al., 1997; Florin et al., 1994; Leckband et al., 1994). ThelO the structure qf the QTS layer. Again, we first.modeled
constructed bilayer was transferred under water into a flow cell as dethe OTS layer with a single box and one Gaussian rough-
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TABLE 2 Fitting parameters for OTS monolayers in air

Tors Borts Toxide Boxide a
Substrate A (X 1075 A2 A) (X 1075 A? A) X
Quartz 24.2+ 2 -0.4+0.2 5.5+ 0.2 1.1
Silicon 18.2+ 2 —-0.16+ 0.1 12.9+ 2 3.8+ 0.1 4.0+ 0.2 8.2

T refers to the thickness of the specified box in &ngstrgens, the scattering length density in A with respect to air, and is the Gaussian roughness
of the interface.

ness. The parameters from such a model are listed in TablEhe model used to fit the reflectivity curves on the quartz
3; the corresponding fits are shown in Figs. 3 and 4. Thesubstrate was further refined by using two boxes, one for the
thicknesses of the OTS layers were2@ A and 19+ 2 A tail region and another to represent the headgroup of the
on the quartz and silicon surfaces, respectively. These vaBTS molecules. For silicon, there is not sufficient contrast
ues may be compared to the length of a fully stretchedpetween the OTS headgroup and native oxide layer to
methyl terminated & chain: distinguish between these two layers. Parameters for this
_ _ more complex model for OTS on quartz are also given in
Toax= 1.5+ n X 1.265 A= 23 A @ Table 3. The two-box model yields a slightly larger thick-
ness for the OTS layer (tails- heads). Indeed, the total
thickness of 31+ 2 A on the quartz substrate is actually
slightly greater than the 29 A expected for a fully extended
OTS layer normal to the substrate. Both the thickness and
scattering length density @§ = —0.4, as compared to air,
. indicate that an almost perfect and tightly packed OTS layer
was self-assembled on the quartz substrate with little or no
tilting of the molecules.

It has previously been suggested that OTS may form a
“carpet” in which neighboring molecules are cross-poly-
merized, but that not every OTS molecule forms a bond to
the substrate surface (Silberzan et al., 1991). In this manner,
the silanated substrate may appear more uniform and less
rough. As a further refinement of the model of OTS on
quartz, we introduced two different roughnesses for the
quartz-OTS and OTS-[ interfaces,o; and o, respec-

b tively. The parameters from such a model are also given in

] Table 3. Although this model brought the total thickness
down slightly to 29+ 2 A for the OTS layer, the fit was not
quite as good when compared to the results using a single
roughness parameter for both interfacg$,of 1.1 versus
ol oTs ] 1.5. A lowery? of 1.1 could only be obtained for this model

— if the thickness of the OTS layer were increased to 33.6 A,
the opposite trend expected for the “carpet” hypothesis.
i In contrast, the layer formed on the amorphous silicon
] substrate was not as thick, 9 2 A for the hydrocarbon
layer compared to 23 A for an all-trans hydrocarbon chain.
Similarly, the measured SLIB = 0.7 = 0.1 for the tail
region was higher than expected for a tightly packed hy-
drocarbon layer. The measured SLD is indicative of a less
well packed and/or patchy OTS layer in,@. Although
FIGURE 2 Neutron reflectivity data and modeled scattering length den-na tron reflectivity cannot distinguish between these two

sity (SLD) profiles at the air-OTS interface of an OTS monolayer chem- ibiliti AEM m rement n orovid dditional
ically grafted to a ¢) quartz and lf) silicon substrate. The solid curves poss €s, easurements can provide a ona

through the data are the fits from a one-box model for the OTS layer oinformation. A typical AFM image is shown in Fig. 5. In
quartz and a two-box model for the OTS and oxide layer on silicon (seegeneral, the images were essentially featureless, with height

insety. Although the contrast between OTS and air is small, a surface layeygriations of onIy 1.5 A rms. No holes or bare patches were

on the quartz substrate was required to fit the reflectivity profiles, as :
demonstrated by the poor fitdgshed curveobtained when the OTS layers ever detected. Because of the robustness of the chemical

were neglected and the surface roughness was 5a. kitting parameters ~ 9rafting of the OTS layer to the substrate, it was not possible
for the models are given in Table 2. to “dig” a hole through the layer with the AFM tip. As a

z
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TABLE 3 Fitting parameters for OTS monolayers in D,O
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1-Box Model
Substrate TOTS (A) BOTS (X 1076 A72) Toxide (A) Boxide (X 1076 Aiz) g (A) X2
Quartz 29+ 2 -0.4+0.1 4.0+ 0.2 1.1
Silicon 19+ 2 0.7+ 0.1 7.7+ 2 3.8+0.1 4,1+ 0.2 2.8
2-Box Model
TOTS tails (A) BOTS (alls(X1O © A 2) TOTS head;A) BOTS hea\ds(>< 10 6 A 2)
Quartz 23. 7t 1 -0.4+0.1 7.6+t 1 1.1+ 0.1 3.4+ 0.2 1.1
0y g2
Quartz 23.0+ 1 -0.4+0.1 6.0+ 1 1.1+ 0.1 5.0 3.8 1.5

T refers to the thickness of the specified box in &ngstrgdns, the scattering length density in"A& with respect to air, and- is the Gaussian roughness
of the interface. The SLDs were converted to their values relative to air by adding the SLD of the substrate to the measured values. For quartziwe measure
a value of 4.4+ 0.1 X 10°° A=2 whereas for silicon we obtained a value of 2:10.1 X 107 % A2,

result, we were unable to determine the thickness of thevith AFM implies that a continuous OTS layer was assem-
OTS layer on silicon with this technique. Although AFM bled on the silicon substrate. The thickness of 19 A, as

and neutron reflectivity sample different length scajest

measured by neutron reflectivity, can then be used to de-

versus crf), the homogeneity of the OTS layer measuredtermine the tilt of the hydrocarbon tails in the monolayer by

3
<
-8
., 100
6]
*
T
>
2
i3]
ko)
©
T
10°

710°
610°
510
410°
310°®
210°
110°
0
-110°¢

Scattering Length Density [A™”]

-10.0

FIGURE 3 @) Neutron reflectivity data at the JO-quartz interface of an
OTS monolayer chemically grafted to the quartz substrate. The curveFIGURE 4 @) Neutron reflectivity data at the JO-silicon interface of
(almost superimposed) through the data are the fits from a one-box anda@an OTS monolayer chemically grafted to the silicon substrate. The solid
two-box model. ) Corresponding scattering length density profiles of the curve is a fit using a two-box model, one for the OTS layer and one for the
one-box and two-box models. Fitting parameters for the models are givenative oxide layer.k) Corresponding scattering length density profiles of
the one-box model. Fitting parameters for the model are given in Table 3.

in Table 3.
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FIGURE 5 AFM image of OTS on a
silicon substrate used in the neutron
reflectivity studies. No holes or patches
were detected in any scans. The under
lying terraced pattern is due to a slight
miscut angle (less than 0.05°) when the|
substrate was prepared by the manufac
turer.

0 500 nm O 500 nm

Data type Height Data type Amplitude
Z ranyge 0.500 nM Z range 0.600 nM
using Phospholipid monolayers on solid supports
Silanated quartz substrates
costo= Tu (180) 3% 2) ipi
Tom \ 7T Next the structure of phospholipid monolayers LB depos-

ited on the silanated quartz was investigated. The phospho-

This tilt also indicates that there is an increased area pdiPid monolayers were composed of DSPE matrixed with
OTS molecule. Likewise, the measured SLDE 0.7 + 1.3, 4.5, or 9.0% DSPE-PEG. The measured reflectivity
0.1 in D,O for the tail region might be higher than expected Profiles are shown in Fig. 6. The peaks in the reflectivity
because this layer contains some heavy water molecules. frves are due to the thickness of the lipid-OTS bilayers on

fact, the number of water molecules with SLE},o con- (e substrates. The position of the maxim@peai) in
tained within this layer can be calculated using reciprocal spac@, can be used to calculate the approximate
thickness of the hilayer directly from (Russell, 1990)

Bmeasured: ¢Bhydrocarbon+ (1 - d))BDzO (3)

T
Tbilayer = Qi (6)
where ¢ is the volume fraction of hydrocarbon material of Z(peak)
SLD Brydrocarbon EQUation 3 can be rewritten in terms of the sing this expression, the thickness of the bilayer on quartz
scattering length® of the hydrocarbon chains and water, s —52 A for all compositions of DSPE/DSPE-PEG,
number of water molecules and total volume per OTS \yhereas that on silicon is-48 A. The difference of 4 A
moleculeVig,: most likely corresponds to the difference in thickness of the
OTS layers on quartz and silicon.

We next modeled the lipid layer with two boxes, one for
the headgroup region, the other for the tail region. The
polymer layer was modeled with either a step function (one
where box) or a parabolic density gradient (Alexander, 1977; de

Gennes, 1980; Milner et al., 1988; Szleifer and Carignano,

Viotal = ATmeasured™ Vimaterial T MViater = PATmeasuredt MVuaier ~ 1996). 1t was not possible to obtain a reasonable fit to the
(5)  highest polymer concentration (9.0%) of DSPE-PEG using

a step function. At this high concentration, the polymer

Solving forA andn, we calculate an area of 23.5And 2.9  layer is expected to have a parabolic density gradient, and
waters per OTS molecule. In comparison, the OTS moleculsuch a model for the polymer layer indeed gives a much
on the quartz substrate is tightly packed, with an area lesketter fit to the reflectivity data, although we cannot rule out
than 20 &, and no water was detected in the OTS layer.different, more complicated models (Majewski et al., 1997).
Finally, although the microscopic structures of the OTSSimilarly, the fit to the 4.5% DSPE-PEG data was slightly
monolayer on quartz and silicon were quite different, thebetter when we used this functional form. For ease of

macroscopic contact angles were indistinguishablé at  comparison, the 1.3% data were modeled in the same way,
110°. although the fit was not sensitive to the form of the profile

_ bhydrocarbon+ nhNater
Bmeasured_ v (4)
total




2358 Biophysical Journal Volume 75 November 1998

T T L T

< L

= | = 108

-~ N ] N N

S g

* *

o i

2 =

ks 3 .

z 1.3% PEG 2 4.5% PEG

o a . (o] o . © b

10-9 1 ) ) 10-9‘,. N R P SN b
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15
Q, A Q, A
LI T T :; 7 10.6 T 7 T T T T T

< = -6 3

; 6 10°°F T 3

e 2 g o || [#———9.0% PEG }
2 510°t 3 s 45% PEG ]

¥ N 2 M 2 = 1.3% PEG

g p 410°°F | E

T B 310°% w gl gw-f

2 @ w

€ - 2108t (] ]

3] 2 6 ]

@ £ 1108 ]

@ £ ]

o 5 oFf d:
(3] -1 10-6 i I 1 ! I T b

0.0 20.0 40.0 60.0 80.0 100.0 120.0
Length z [A]

FIGURE 6 Neutron reflectivity data of mixed DSPE/DSPE-PEG monolayers on silanated quartz subsjrat88 OSPE-PEG b} 4.5% DSPE-PEG.
(c) 9.0% DSPE-PEG. The data are fit using box models for the lipid and OTS layers and a parabola for the extended polymer layer. Parameter values are
listed in Table 4. ) Corresponding scattering length density profile of the model, including the positions of the constituent molecules.

at this low polymer concentration. The parameter values omonolayer is reduced compared to the bare substrate. In
quartz are given in Table 4, and reflectivity fits are shownaddition, when a single Gaussian roughness was used, the
in Fig. 6. SLDs obtained for the lipid and OTS hydrocarbon tail
The roughness of the phospholipid-OTS bilayer wasregions were—1.0 X 10 A"2 and —0.8 X 107 ® A2,
modeled as a Gaussian and broken down into two compaespectively, compared to air. These values are physically
nents.o; corresponds to the roughness of the quartz subunreasonable compared to the theoretical SLB-6f4 X
strate, andr, corresponds to the roughness of the rest of thel0~® A2 for tightly packed hydrocarbon chains (Table 1).
interfaces between the boxes used to model the various Finally, the OTS-lipid bilayer remains relatively constant
layers of different thicknesses and SLDs. When we usedvith a thickness of 52= 2 A, whereas the length and depth
only a single roughness factor for both interfaces, we obof the polymer layer increase with increasing DSPE-PEG
tained a value of 2.1 0.4 A. This is much less than the 5.0 concentration (due to the displacement of highly scattering
and 3.4 A measured for the bare and OTS grafted quart®,O by the poorly scattering hydrogenated PEG layer). We
substrates (Table 3). Indeed, for both the single and twdad anticipated some roughening of the lipid monolayer due
sigma models, the apparent roughness of the phospholipiw the bulky polymer headgroups, but this was not borne

TABLE 4 Parameters from fits to the phospholipid monolayer on OTS grafted quartz substrates

DSPE-PEG o, oF] Tlipid heads Blipid heads Tlipid tails Blipid tails Tors Bots Tparabola Bparabola
(mol%) (/—\) (A) (A) (X 107 A’z) (/—\) (X 10°° A’Z) (A) (X 10°° A’Z) (A) (X 10°° A’Z) X2
1.3 5.9 1.0 6.3t 1 2.7+ 0.2 20.6* 2 -04=+01 215+ 2 -04=*0.1 25+ 10 6.29+ 0.05 2.0
4.5 7.1 1.0 5.3 2.8 22.7 -0.4 21.9 -0.3 46+ 5 6.12 1.2
9.0 6.3 1.2 6.8 3.6 21.4 -0.4 25.1 -0.2 59+ 5 6.03 1.8

The fitted SLDs were converted to their values relative to air by adding the SLD of quartz, 8.4 X 10 ® A2



Kuhl et al. PEG-Lipids on Silanated Substrates 2359

TABLE 5 Parameters from fits to the phospholipid monolayer on OTS grafted silicon substrates
DSPE-PEG o, o0,

Tlipid heads Blipid heads TIipid tails Blipid tails TOTS BO

TS Tparabola Bparabola
(mol%) A A A (X 1078 A2 A (X 107%A?) A (X 1078 A2 A (X10°A23 2
1.3 42 17 7215 2.9+ 0.1 242+2 —-04+01 20.0*2 03+ 0.1 30+ 10 6.2 12.5
45 6.8 20 7.1 3.1 25.7 -0.1 20.1 0.4 50- 5 5.6 9.3

The fitted SLDs were converted to their values relative to air by adding the SLD of silicor; 2.1 X 107% A2,

out. A well-packed lipid monolayer remained deposited on2.1 x 10~ % A~?) is again that expected for a tightly packed

the silanated quartz substrate. area per tail of 20 A Similarly, the thicknesses obtained for
the lipid head, lipid tail, and polymer layers are also very
. . close. These measurements indicate that the structure of the
Silanated silicon substrates

LB deposited lipid layer was not greatly affected by the
The parameter values and resulting reflectivity fits for theunderlying structure of the OTS layer. We again modeled
DSPE/DSPE-PEG monolayers on silicon are shown in Tathe polymer layer with a parabolic density distribution and
ble 5 and Fig. 7. Even though the quality of the grafted OTSfound that the length and depth of the parabola increased
layer formed on silicon was not as good as that formed omwith increasing DSPE-PEG concentration in the lipid mono-
quartz, the monolayer deposited on this surface was verlayer. At the lower concentration of 1.3% DSPE-PEG, we
similar to that measured on quartz. The SLD for the lipidwere not sensitive to the form of the density distribution, but
hydrocarbon tails of-0.4 = 0.1 relative to air {2.5 + at 4.5% DSPE-PEG a parabolic profile fit the data better
than a step function.

In summary, these neutron scattering results indicate that
well-formed lipid monolayers were deposited on the si-
lanated substrates and that a polymer layer was extending
1.3% PEG into the aqueous phase as a function of the DSPE-PEG
concentration. We next used fluorescence microscopy to
confirm the structure on a more macroscopic level.

z

e
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T

Fluorescence microscopy

Reflectivity, R*Q * [A™]

The ability to selectively bind desired biological objects by
extended polymer chains was demonstrated using fluores-
cence microscopy. As described in the Materials section,
4.5% DSPE-PEG with biotin moieties at the PEG terminus
Q AN was LB deposited on silanated glass coverslips. (Although

: biotin was chosen for these studies, other targeting moieties
or “ligands” can be end-grafted to PEG chains, and a wide
range of specific binding systems or associations can thus
be made in a similar fashion; Zalipsky, 1995; Zalipsky et al.,
1.3% PEG ] 1996.) After assembly of the flow cell, 1 ml of fluorescently
«— 45%PEG 4 labeled liposomes bearing biotin’s receptor, streptavidin,
o was injected into the fluid chamber (Evert et al., 1994).
a Binding of these liposomes was evident within minutes of
3 the injection. As shown in Fig. 8, after 4 h asignificant
guantity of targeted liposomes bound to the surface. More-
over, these bound liposomes could be partially removed by
3 b ] incubation with soluble biotin, which has a higher binding
4108 b L affinity for streptavidin than PEG-biotin (Fig. &. In ad-

0.0 200 40.0 60.0 80.0 100.0 120.0 dition, adsorption was completely absent when the lipo-
Length z Al somes were not incubated with streptavidin (Fid)8
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FIGURE 7 @) Neutron reflectivity data of mixed DSPE/DSPE-PEG

monolayers on silanated silicon substrates. The data are fit using boPISCUSSION

models for the lipid and OTS layers and a parabola for the extende - . .

polymer layer. Parameter values are listed in TablebpCorresponding dBy examining the results in 'FIgS. 3 and_4 and Table 3, we
scattering length density profile of the model, including the positions of theCaN Make several observations regarding the OTS mono-

constituent molecules. layer structure. First, we see that the values obtained in this
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FIGURE 8 Typical fluorescent images of selective
binding of vesicles to an LB deposited 4.5% DSPE-
PEG-biotin monolayer at the solid-solution interface
after 4 h of incubation &). The lack of fluorescence in
b indicates that little or no nonspecific adsorption of W
vesicles occurs in the absence of streptavidin under theli
same conditions as im (c) Release of previously bound
vesicles by incubation with free biotin. Soluble biotin
has a significantly higher binding affinity for streptavi-
din and competes effectively with and eventually re-
places the original bound ligand (Chiruvolu et al., 1994;
Leckband et al., 1994). All images shown are from a
continuous experiment.

study are consistent with those previously measured witltules T < T, = 56°C). (However, there is a trend toward
x-rays and neutrons for OTS monolayers on silicon (Pomerslightly increasing bilayer thickness with increasing PEG-
antz et al., 1985; Wasserman et al., 1989; Silberzan et allipid concentration.) This is in contrast to our previous
1991; Fragneto et al., 1996). From these x-ray studiesstudies at the air-water interface, where the roughness and
reported values for the OTS head and tail lengths normal tthickness of the monolayer increased dramatically as a
the substrate were 5.6 A and from 16.3 to 23 A, respecfunction of PEG-lipid concentration due to protrusions out
tively. Satija and co-workers, using neutron reflectivity, of the monolayer plane (Majewski et al., 1997).
reported thicknesses ranging from 11 to 24 A for the tail In terms of modeling the density distribution of the PEG
region, depending on the surface coverage for the OTS layesregments away from the membrane surface, the most obvi-
on silicon (Fragneto et al., 1996). In this study the valuesous difference between the three concentrations studied,
were 7.0+ 1 and 23.7+ 1 A on quartz, and a hydrocarbon 1.3, 4.5, and 9.0 mol% PEG-lipid, is the increase in the
tail thickness of 19+ 2 A on silicon. Our longer tail width and depth of the parabola representing the polymer
thickness on quartz is consistent with the expected lengtthickness with increasing PEG-lipid concentration (Tables 4
for a fully stretched, untilted G hydrocarbon chain, indic- and 5) as the lower scattering polyme¥ € 0.6 X 10°°
ative of a very homogeneous, well-packed OTS monolayerA —2) displaces DO (8 = 6.4 X 10°® A7?). The fitted
On silicon, a less dense OTS layer was formed with ascattering length densities of the parabolas as a function of
calculated average tilt angle é6f= 34° and approximately DSPE-PEG content can be compared by integrating over the
three waters per OTS molecule in an area of 2¥%wlhen  length of the parabola. The integration enables us to com-
measured in contact with JO). However, neutron reflec- pare the total amount of polymer for each of the three
tivity cannot distinguish between water molecules penetratbSPE-PEG concentrations on quartz, where the ratios were
ing within a continuous OTS monolayer versus a patchy ocompared, i.e., 1.37ersus9.0 and 4.5versus9.0. Our
defective OTS layer of 86% coverage on silicon, which ismeasured ratios are 0.06 and 0.50 compared to the calcu-
also consistent with our measurements of the SLD for thidated ratios of 0.14 and 0.50 for 1.3 and 4.5 to 9.0%
layer. DSPE-PEG, respectively, on quartz. As can be seen, we are
The quality of the OTS layer did not seem to have aless sensitive to the presence of polymer at the lower con-
strong effect on the structure of the LB deposited lipid layer.centration of 1.3% DSPE-PEG. In addition, the thickness of
Similar values for the SLDs relative to air and thicknesseghe polymer layer (parabola) determined by neutron reflec-
were obtained on both types of substrate. Essentially, &vity matches well with the thickness determined with other
well-packed lipid monolayer could be easily deposited ontechniques, as shown in Table 6.
this now generic “hydrophobic substrate.” Moreover, this Finally, part of the usefulness of this system lies in the
outer lipid monolayer could be easily removed or strippedability to graft biologically interesting functional groups to
off by passing the substrate out through the air-water interthe ends of the PEG chains. The grafting density of a
face. In fact, throughout these experiments, we reused thiargeting ligand can be quantitatively controlled by simply
same OTS-coated quartz and silicon substrates. To ensuvarying its concentration in the Langmuir monolayer, and a
that all residual lipid was removed between experiments, th@ost of targeting moieties have already been synthesized for
substrates were rinsed with chloroform. these purposes (Zalipsky, 1995; Zalipsky et al., 1996). We
The surface roughness or o, of the lipid monolayers used fluorescence microscopy to demonstrate this effect
was less than that measured for the bare substrates. Théth biotin moieties and streptavidin-coated vesicles (Fig.
proximity and hydrophobic anchoring to the solid support8). Moreover, the substrates used in those studies were
evidently suppress out-of-plane fluctuations of the molerough glass coverslips as opposed to the specially polished,
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TABLE 6 Comparison of measured polymer thickness by various techniques

Quartz Silicon
DSPE-PEG Tparabola Tparabola SFA 1* SFA 2 X-ray® X-ray" Neutron
(mol%) A) R) A) A) A) R) R
1.3% 25+ 10 30+ 10 35 35 42 34.8 45
4.5% 46+ 5 50+ 5 40 38 52 60
9.0% 59+ 5 70 50 60 48 75

*Kuhl et al. (1994).

#Sheth and Leckband (1997).
SKenworthy et al. (1995).
TMajewski et al. (1998).
IMajewski et al. (1997).

extremely smooth quartz and silicon substrates used in theto the clinics. Phosphorous Sulfer Silicon Related Elemerits0:
neutron scattering studies. Again, we were able to form a 293-2%.

i i ; lume, G., G. Cevc, M. D. J. A. Crommelin, I. A. J. M. Bakker-
homogeneous lipid mon(.)layer on the SO“d. support, W.hICHB Woudenberg, C. Kluft, and G. Storm. 1993. Specific targeting with
makes these constructs ideal for characterization studies. poly(ethylene glycol)-modified liposomes: coupling of homing devices

to the ends of the polymeric chains combines effective target binding
with long circulation timesBiochim. Biophys. Actal149:180-184.

CONCLUSIONS Chiruvolu, S., S. Walker, J. Israelachvili, F.-J. Schmitt, D. Lecknand, and
o . o J. A. Zasadzinski. 1994. Higher order self-assembly of vesicles by
Data from neutron reflectivity studies of phospholipid site-specific bindingScience264:1753-1756.

monolayers at the solid-solution interface have been prede Gennes, P. G. 1980. Conformations of polymers attached to an interface.
sented. Continuous and tightly packed lipid monolayers Macromolecules13:1069-1075.

were deposited on silanated quartz and silicon substrateBePalma, V., and N. Tillman. 1989. Friction and wear of self-assembled
Thickness fluctuations of the monolayers were greatly re- trichlorosilane monolayer films on S|I|corh.angm.u.|r.5:868—872.

duced by proximity to and interaction with the solid sup- Evert, L. L., D. Leckband, and J. N. Israelachvili. 1994. Structure and

. . dynamics of ion-induced domains in free and supported monolayers and
ports. DSPE-PEG could be incorporated into the monolayer pilayers.Langmuir. 10:303-315.

and the polymer chains extended away from the monolay@fiorin, E.-L., V. T. Moy, and H. E. Gaub. 1994. Adhesion forces between
into the solution. The thickness and density of the polymer individual ligand-receptor pairsScience264:415-417.

layer were varied by simply increasing or decreasing theragneto, G., L. R. Lu, D. C. McDermott, R. K. Thomas, A. R. Rennie,
amount of DSPE-PEG in the monolayer. Finally, targeting P. D. Gallagher, and S. K. Satija. 1996. Structure of monolayers of

.. . tetraethylene glycol monododecyl ether adsorbed on self-assembled
moieties could be coupled to the ends of the extending PEG monolayers on silicon: a neutron reflectivity studyangmuir. 12:

chains, and selective binding was demonstrated. 477-486.
Gun, J., R. Iscovici, and J. Sagiv. 1984. On the formation and structure of
self-assembling monolayers. Il. A comparative study of Langmuir-
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